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The fragmentation characteristics of peptides derivatized at the side-chain -amino group of
lysyl residues via reductive amination with benzaldehyde have been examined using
collision-induced dissociation (CID) tandem mass spectrometry. The resulting MS/MS spectra
exhibit peaks representing product ions formed from two independent fragmentation path-
ways. One pathway results in backbone fragmentation and commonly observed sequence ion
peaks. The other pathway corresponds to the unsymmetrical, heterolytic cleavage of the C–N
bond that links the benzyl derivative to the side-chain lysyl residue. This results in the
elimination of the derivative as a benzylic or tropylium carbocation and a (n  1)-charged
peptide product (where n is the precursor ion charge state). The frequency of occurrence of the
elimination pathway increases with increasing charge of the precursor ion. For the benzyl-
modified tryptic peptides analyzed in this study, peaks representing products from both of
these pathways are observed in the MS/MS spectra of doubly-charged precursor ions, but the
carbocation elimination pathway occurs almost exclusively for triply-charged precursor ions.
The experimental evidence presented herein, combined with molecular orbital calculations,
suggests that the elimination pathway is a charge-directed reaction contingent upon protona-
tion of the secondary -amino group of the benzyl-derivatized lysyl side chain. If the
secondary -amine is protonated, the elimination of the carbocation is observed. If the
precursor is not protonated at the secondary -amine, backbone fragmentation persists.
The application of appropriately substituted benzyl analogs may allow for selective control
over the relative abundance of product ions generated from the two pathways. (J Am Soc
Mass Spectrom 2010, 21, 1624–1632) © 2010 American Society for Mass SpectrometryThe incomplete understanding of the mechanismsinvolved in the fragmentation of peptides viacollision-induced dissociation (CID) remains one
of the fundamental limitations in the application of
tandem mass spectrometry (MS/MS) to proteomics [1].
Specifically, the inability to predict the relative intensi-
ties of sequence product ions produced reduces the
confidence of peptide sequence assignments when data
from MS/MS spectra are searched against immense
lists of in silico peptide sequences generated from
proteome databases [2–4]. This represents a barrier to
the development of more effective computational tools
for accurately assigning peptide sequences to MS/MS
spectra as most database search tools are practically
limited to treating the formation of all possible product
ions with equal probabilities. An improved understand-
ing of the detailed mechanisms involved in peptide
fragmentation with CID will directly lead to more
effective search tools. Not surprisingly, peptide frag-
mentation by CID has been studied extensively, and
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doi:10.1016/j.jasms.2010.04.006these efforts have culminated in a number of theoretical
models that explain many of the observed fragmenta-
tion properties of peptides [1]. One example, the “Path-
ways in Competition” model [1], is associated with the
mobilization of ionizing protons [5] to the amide back-
bone, competitive cleavages of the amide bonds, and
post-cleavage proton transfer and chemical reactions.
This model currently represents the most comprehen-
sive description of the mechanism leading to the forma-
tion of the commonly observed b- and y-type product
ions. However, our understanding of the processes
involved in determining the relative abundances of the
b- and y-ions formed remains incomplete.
Breakthroughs relying on some technological ad-
vancements and chemical strategies have helped allevi-
ate some of the issues associated with inadequate
sequence coverage of peptides via CID. Alternative
fragmentation strategies such as electron capture disso-
ciation (ECD) [6] and electron-transfer dissociation
(ETD) [7] have been shown to yield MS/MS spectra that
provide comprehensive sequence information. ETD has
been applied effectively to complement CID to achieve
better protein sequence and proteome coverage [8]. The
incorporation of chemical modifications onto peptides
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fragmentation pathways in CID has also been an active
area of research. For example, charge derivatization has
been applied to facilitate MS/MS spectral interpretation
as well as to enhance sensitivity [9]. Among the charge
derivatives employed are the quaternary phosphonium
[10] and ammonium analogs [11], sulfonic acid [12], and
4-sulfophenyl isothiocyanate [13].
There is also value in other chemical derivatization
strategies that induce the enhanced or selective forma-
tion of specific product ions that provide useful infor-
mation about the peptide, including insights into pep-
tide structures or quantification. For example, the
isobaric tags for relative and absolute quantification
(iTRAQ) modify peptides such that fragmentation
yields an array of stable isotope-enriched reporter ions
that represent relative quantification along with com-
plimentary sequence ions for identification [14]. Reduc-
tive dimethyl labeling of primary amino groups has
been shown to enhance the production of a1 ions,
providing discriminatory information about the N-
terminal residue of the peptide [15]. Similarly, amidination
of N-termini has been observed to yield the dominant
formation of the nearest N-terminal y ion revealing the
identity of the N-terminal residue in the peptide [16].
Sulfonium ion-derivatized methionyl peptides exhibit
selective fragmentation along the methionyl side chain,
producing an exclusive neutral-loss product ion that
represents a diagnostic indicator of a methionine resi-
due [17, 18]. Although the observation of such peaks
alone does not constitute a peptide assignment, they
can be applied as effective constraints for discriminat-
ing sequence candidates from database search results
[18]. A variation of the sulfonium ion derivatives has
been demonstrated in the form of a cross-linking re-
agent, which induces selective cleavage along the linker
allowing for the peptides to dissociate as intact peptide
ions for subsequent independent sequence interroga-
tion with multi-stage tandem mass spectrometry [19].
This demonstrates one case where selective fragmenta-
tion is more desirable than comprehensive amide back-
bone fragmentation.
We present and characterize here the fragmentation
characteristics of peptides derivatized at lysyl residues
via reductive amination with benzaldehyde (structure
displayed in inset of Figure 1) to yield the secondary
benzyl amine of the -amino group. MS/MS spectra of
the derivatized peptides display evidence for two inde-
pendent fragmentation pathways. One pathway, the
bn–ym pathway, results in backbone fragmentation and
commonly observed sequence ion peaks. The b- and
y-type product ions are initiated by the transfer of
protons to the amide backbone in a process described
by the mobile proton model [5]. The other pathway
results in the elimination of the benzyl moiety from the
derivatized lysyl side chain as a carbocation. In our
investigation of this elimination reaction, described
here as the carbocation elimination (CCE) pathway, we
present evidence that suggests elimination proceeds viaa charge-directed, unsymmetrical heterolytic cleavage
of the C–N bond that links the benzyl derivative to the
side-chain lysyl residue forming a benzylic or tropy-
lium carbocation [C7H7]
 and an intact peptide product
ion, and is contingent upon protonation at the second-
ary -amino group of the derivatized lysyl residue. Our
results suggest that appropriately substituted benzyl
analogs may be employed to control the ratio of prod-
uct ions formed from the bn–ym and CCE pathways.
Such versatility could allow for the incorporation of
tags that restrict fragmentation to the selective elimina-
tion of the substituted benzyl moiety. Reid and cowork-
ers have already demonstrated the value of restricted
fragmentation in the case of cross-linking reagents [19].
On the other hand, the iTRAQ reagent represents a case
where a mixture of product ions originating from
competing mechanisms can provide both quantitative
and qualitative information [14]. Additionally, substitu-
tions that introduce other complimentary properties,
such as an affinity property for example, while allowing
for the control over relative product ion abundances
from competing mechanisms could allow for the enrich-
ment of targeted and selectively tagged subsets of
peptides and/or proteins. Finally, suitably substituted
benzyl analogs may be designed that introduce predict-
able product ion mixtures by well-characterized path-
ways, which allow for studying the fragmentation
mechanisms of other competing pathways by probing/
measuring the relative kinetic and thermodynamic fac-
tors involved.
Experimental
Materials
Unless otherwise stated, all reagents were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The N-
terminally acetylated peptides used in this study were
synthesized by the Protein Structure Facility, part of the
Biomedical Research Core Facilities, at the University of
Figure 1. Workflow for the preparation of benzyl-derivatized,
tryptic peptides via reductive amination of lysyl residues (K*)
with benzaldehyde. Inset: Structure of benzyl-aminated lysyl
residue.Michigan Medical School (Ann Arbor, MI, USA).
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Benzyl-Aminated Lysyl Residues
Peptides (5 g) were dissolved in 100 L of 100 mM
triethylammonium bicarbonate (TEAB, pH  8.5) with
30 mmol of benzaldehyde. The Schiff bases formed
between the aldehydes and the primary amino groups
on the peptides were reduced to secondary amines by
adding 5 L of 1M sodium borohydride. The reduction
reaction was allowed to proceed undisturbed at room
temperature for 45 min in a fume hood in the dark. The
reaction was quenched by adding 1 mL of 0.1% triflu-
oroacetic acid. The reacted peptides were desalted
using a Strata-X reversed-phase C18 cartridge obtained
from Phenomenex (Torrance, CA, USA) according to the
manufacturer’s instructions. The desalted peptides were
dried and redissolved in 200Lof 100mMTEAB (pH 8.5).
1 g of L-(tosylamido-2-phenyl)ethyl-chloromethylketone
treated trypsin, obtained from Worthington Biochem-
ical Corp. (Lakewood, NJ, USA), was added to the
peptide solution and incubated at 37 °C overnight.
The digested peptides were desalted as described
above, dried to completion, and redissolved in 250 L
of 25% acetonitrile/0.1% formic acid (vol/vol) for
analysis with nanospray ionization tandem mass
spectrometry.
Mass Spectrometry
Peptides were analyzed with a hybrid linear quadru-
pole ion trap-Orbitrap mass spectrometer (model LTQ-
Orbitrap XL; ThermoFisher Scientific, Inc., San Jose, CA,
USA). They were introduced by infusion using a TriVersa
Nanomate nanospray ionization source from Advion
BioSciences (Ithaca, NY, USA). Peptides were delivered
with a pneumatic displacement pressure of 0.45 psi and
an applied spray voltage of 1.54 kV. The heated capil-
lary temperature was set at 200 °C. Monoisotopic pre-
cursor ions were selected for multistage tandem mass
spectrometric acquisition using an isolation window of
3.0 m/z units and excitation energy settings of 35 for
both MS2 and MS3 spectra. All CID spectra were col-
lected in FT (Orbitrap) mode for high mass accuracy
(10 ppm) and peak resolution (30,000 at m/z 400).
Computational Methods
Total energy calculations were performed using density
functional theory (DFT) with electron correlations de-
scribed using the B3LYP hybrid functional. Atomic
orbitals were described using the split-valence double-
functions with d and p polarization functions added to
both heavier and lighter atoms and diffuse functions
added for the heavier atoms [i.e., 6-31G(d,p)]. The
model peptide 2-[(aminoacetyl)amino]-6-(benzylamino)-
N-methylhexanamide was used for theoretical calcula-
tions. Low-energy precursor and product structural
conformations were determined at the PM3 semiem-
pirical level of theory followed by further optimiza-tion at the B3LYP level of theory using the 6-31G 
(d,p) basis set. Transition-state barriers were deter-
mined by first scanning the potential energy surface
at the B3LYP level of theory using the 6-31G  (d,p)
basis set. During the scan, the length of the C–N
bond (the bond that is cleaved during the elimination
reaction) was constrained while allowing all other
degrees of freedom to relax. For selected cases the
potential energy surface was further explored using
QST3. The input structures used for QST3 were those
determined from the scan of the potential energy
surface. Optimized structures were subjected to har-
monic vibrational frequency analysis and visualized
using the software package GaussView 3.0. All cal-
culations where done using the Gaussian 2003 molec-
ular modeling software package [20].
Results and Discussion
Tandem Mass Spectrometry of Multiply-Charged
Peptides Derivatized at Lysyl Residues Via
Reductive Amination with Benzaldehyde
As depicted in Figure 1, peptides containing N-terminally
acetylated arginine and a single, internal lysyl residue
were derivatized via reductive amination with benzal-
dehyde and then digested with trypsin. This approach
allowed for the preparation of tryptic peptides with the
modification exclusively on the -amino groups of
internal lysyl residues leaving the N-termini unmodi-
fied (inset Figure 1). The residue mass of the modified
lysyl is 218.142 Da (C13H18N2O).
Figure 2a displays the MS/MS spectrum of the
doubly-charged precursor ion [MH2]
2 for the peptide
HAK*LGR (where K* represents a benzyl-aminated
lysyl residue). The spectrum exhibits comprehensive
sequence information, including a difference of 218 Da
between the y3 and y4 ions representing K*. Addition-
ally, the peak annotated as [(MH2)
2  (C7H7)
]
represents a singly-charged product ion corresponding
to a loss of a singly-charged moiety of mass 91.05 Da.
Based on the elemental composition and mass distribu-
tion of K* (inset Figure 1), this implies cleavage of the
C–N bond along the derivatized lysyl side chain
releasing a singly-charged benzylic or tropylium carbo-
cation [C7H7]
. For simplicity, the elimination of
[C7H7]
 will be referred to as the CCE pathway.
While MS/MS spectra of the doubly-charged precur-
sor ions exhibit a mixture of product ion peaks corre-
sponding to both backbone fragmentation and CCE,
MS/MS spectra of triply-charged precursor ions,
[MH3]
3, display peaks representing CCE product ions
exclusively (Figure 2b). The base peak represents a
doubly-charged product ion [(MH3)
3  (C7H7)
]2
corresponding to the loss of a singly-charged moiety of
mass 91.05 Da, again implying the loss of the singly-
charged benzylic or tropylium carbocation [C7H7]

from the lysyl side chain. The other peak (m/z 91.05)
displayed in the MS/MS spectrum of the triply-charged
H3)
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benzylic or tropylium carbocation [C7H7]
 from the
precursor. The characteristic lower one-third m/z omis-
sion of product ions in tandem MS scans in ion trap
mass spectrometers prohibited the detection of the
[C7H7]
 product ion from the doubly-charged precur-
sor ion (Figure 2a).
Hypothesis: Carbocation Elimination Pathway is a
Charge-Directed Mechanism and Contingent Upon
Protonation at the Secondary -Amino Group of
the Benzyl-aminated Lysyl Residue
Key factors involved in the mechanism of the CCE
pathway can be extracted from the tandemmass spectra
displayed in Figure 2. Considering the structure of the
benzyl-aminated lysyl residue (Figure 1) and that the
elimination reaction results in a loss of a singly-charged
ion of mass 91.05 Da, it can be asserted that the benzyl
moiety dissociates as a [C7H7]
 benzylic or tropylium
carbocation [21]. These aromatic product ions are effec-
tive leaving groups that are highly stable owing to
resonance delocalization of the positive charge. Con-
trasting features of the MS/MS spectra of the doubly-
and triply-charged precursor ions (Figure 2a and b,
respectively) combine to suggest that initiation of the
CCE pathway is contingent upon protonation of the
Figure 2. CID tandem mass spectra of the
represents the benzyl-aminated lysyl residue
doubly-charged [MH2]
2 precursor ion. (b) CID
[MH3]
3 precursor ion. (c) CID MS3 product ion
2a. (d) CID MS3 product ion spectrum of the [(Msecondary -amino group (forming a dialkyl ammo-nium ion) on the side chain of the benzyl-derivatized
lysyl residue. This can be rationalized from the obser-
vation that doubly-charged precursors yield CCE prod-
ucts along with a series of sequence ion products
(Figure 2a), while triply-charged precursors yield CCE
products exclusively (Figure 2b). Considering first the
triply-charged precursors, all feasible basic sites on the
peptide HAK*LGR would be protonated, assuming that
protonation at either the N-terminal primary amino
group or the histidinyl imidazole excludes the other as
a possible charged site due to proximity. Between these
two sites, protonation of the imidazole would be more
likely due to its higher gas-phase proton affinity rela-
tive to the primary amino group [22]. The other two
sites of protonation would be the C-terminal guani-
dinium and the secondary -amino group of the benzyl-
aminated lysyl side chain. Not all of the sites would be
protonated in the case of the doubly-charged precur-
sors. They would exist as a distribution of doubly-
charged isomers, where one proton would be seques-
tered at the C-terminal guanidinium and the other
proton partitioned between the secondary -amino
group and the N-terminus (either the imidazole or
primary amino group). Although other factors could be
involved that determine where the ionizing protons
reside (e.g., steric effects, charge solvation, and Cou-
lombic effects), similar proton affinities between the
yl-derivatized peptide HAK*LGR (where K*
CID MS/MS product ion spectrum of the
MS product ion spectrum of the triply-charged
trum of the [(MH2)
2  (C7H7)
] from Figure
3  (C7H7)
]2 from Figure 2b.benz
). (a)
MS/
specN-terminal imidazole and the secondary -amino group
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both sites [22, 23]. We hypothesize, as illustrated in
Scheme 1, that isomers protonated at the secondary
-amino group can fragment via the CCE pathway
through a charge-directed mechanism (eliminating
[C7H7]
), while amide backbone fragmentation persists
for isomers not protonated at that site. This is drawn
from the observation that triply-charged precursors,
where all ions are most assuredly protonated at the
secondary -amino group, fragment via the CCE path-
way exclusively. On the other hand, not all copies of the
doubly-charged precursors would be expected to carry
a proton on the derivatized lysyl side chain and, con-
sequently, not all doubly-charged precursors yield CCE
products.
MS3 spectra of the [(MH2)
2  (C7H7)
] and
[(MH3)
3  (C7H7)
]2 peptide product ions provide
further support for the requirement of protonation at
the secondary -amino group for initiating the CCE
pathway (Figure 2c and d, respectively). The m/z values
for these product ions (681.42 and 341.21, respectively)
match the theoretical m/z values of the unmodified
peptide HAKLGR as singly and doubly-protonated
peptide ions. This implies that the lysyl residue reclaims
its usual primary -amino group structure after elimi-
nation of the carbocation. This implication is supported
by the MS3 spectra of the [(MH2)
2  (C7H7)
] and
[(MH3)
3  (C7H7)
]2 product ions (Figure 2c and d,
respectively), where the mass differences of 128 Da
correspond to unmodified lysyl residues. A likely ex-
planation for the lysyl residue regaining its primary
-amino structure after dissociation of the [C7H7]
 ion
is that the secondary -amino group of the precursor
ion is protonated before activation. Heterolytic cleav-
age of the C–N bond could then yield the primary
amino group (e.g., [R  NH2
C7H7]
¡ R  NH2 
[C7H7]
).
Considering the interpretation of the data discussed
above, the CCE pathway could be described as a
charge-directed elimination reaction that proceeds via
an unsymmetrical, heterolytic cleavage of the C–N
Scheme 1. The CCE pathway. Proposed as a c
protonation of the secondary -amino group and
of the C–N bond resulting in the dissociation o
the remaining intact peptide product ion [(MH2
cation is displayed as a product.bond resulting in the dissociation of a benzylic or
tropylium carbocation from the remaining intact pep-
tide product (Scheme 1). This reaction accounts for the
observations described above for the spectra shown in
Figure 2, including the loss of a singly charged ion of
mass 91 Da, [C7H7]
, from the precursor ion, the
requirement of protonation at the secondary -amino
group of the derivatized lysyl residue to initiate the
elimination reaction, and the lysyl residue in the pep-
tide product ion [(MH2)
2  (C7H7)
] reclaiming its
primary -amino group structure. Precedence for this
type of gas-phase fragmentation reaction was estab-
lished and characterized via tandemmass spectrometric
and theoretical studies of protonated alkylammonium
[24, 25] and N-benzylpyridinium cations [21, 26]. In
those studies, competing fragmentation pathways were
observed yielding either a neutral amine and carboca-
tion or, alternatively, an ammonium ion and an alkene
[25]. For N-benzylammonium analogs, formation of a
neutral amine and a benzylic or tropylium carbocation
[C7H7]
 was observed exclusively [21]. Dissociation of
the carbocation was determined to proceed via “loose
complexes” formed between an incipient cation coordi-
nated to the developing amine [24]. Our results show
that this fragmentation behavior is preserved on pro-
tonated N-benzyl-aminated peptides with the observed
dissociation of [C7H7]
 yielding the neutral primary
-amino group on the side chain of the lysyl residue as
described in Scheme 1.
Spectra of other benzyl-aminated peptides are dis-
played in Supplemental Figures 1S–4S, which can be
found in the electronic version of this article. The
MS/MS spectrum of the triply-charged precursor ion of
the peptide IGK*GVAR (Figure 1Sb) displays a product
ion peak for a sequence ion (y6
2) representing the only
case in this study where a triply-charged precursor ion
did not yield products of the CCE pathway exclusively,
although this pathway was still dominant. This obser-
vation suggests that while a precondition of the CCE
pathway may be protonation of the secondary -amino
group of the derivatized lysyl residue, this does not
-directed elimination reaction contingent upon
eeds via an unsymmetrical, heterolytic cleavage
enzylic or tropylium carbocation, [C7H7]
, from
 (C H )]. For simplicity, only the benzylicharge
proc
f a b
)2 7 7
react
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fragmentation products. Certain conditions may exist
(e.g., amino acid composition) where backbone frag-
mentation may be competitive with CCE even when the
secondary -amino group is protonated. In other words,
possible competition may exist for the proton at second-
ary -amino group either initiating the CCE pathway or
becoming “mobile” and activating backbone cleavage.
Structural Examination of a Simple Benzyl-
Aminated Peptide Model and Comparison of the
Transition State Barriers and Relative Reaction
Energies for the CCE Pathway Versus Amide
Backbone Fragmentation
Based upon our observations and interpretation of
tandem mass spectra of benzyl-aminated peptides (dis-
cussed above), we hypothesized that the CCE pathway
is contingent upon protonation of the secondary
-amino group of the derivatized lysyl residue. To gain
more insight into this, a series of molecular orbital
calculations were performed on a simple benzyl-
aminated peptide model (2-[(aminoacetyl)amino]-6-
(benzylamino)-N-methylhexanamide) (displayed and la-
beled as GK*-NHCH3 in Scheme 2). Using this peptide
model, we performed molecular orbital calculations to
determine the following: (1) low-energy structures of
the precursor in two charge states (1 and2) allowing
us to assess the effect of protonation at the secondary
-amino group on the C–N bond length. For the 1
charge state, two protonation sites were examined. (2)
An estimation of the reaction energy for the CCE
pathway leading to the products displayed in Scheme 2
Scheme 2. Precursor ion structure of the mode
methylhexanamide (labeled GK*-NHCH3) and c
CCE pathway and the bn–ym pathway used for
pathway and comparing the theoretical relativefor comparison against the reaction energy associatedwith an amide bond cleavage reaction (also displayed in
Scheme 2). (3) An estimation of the activation energy
barrier of the CCE pathway for comparison against the
barriers associated with the bn–ym pathway calculated
previously for simple peptides and reported in the
literature. The protons (H) on the precursor structure
(as well as the product structures) in Scheme 2 repre-
sent sites that were considered as protonated or unpro-
tonated for the respective calculations. The charge
states of the precursor that were considered include:
(1) protonation at the secondary -amino group of
benzyl-aminated lysyl residue [GK*(H)NHCH3],
(2) protonation at the N-terminal amino group
[(H)GK*NHCH3], and (3) protonation at both sites
[(H)GK*(H)NHCH3]. Low-energy precursor and
product structures were determined initially at the PM3
level of theory and low-energy conformers were further
optimized at the B3LYP/6-31  G (d,p) level of theory.
The optimized precursor structures are displayed in
Figure 5S.
Among other data, Table 1 displays the total energies
of the three protonated forms of the precursor model
peptide as well as the length of the C–N bond for each.
In the cases where the model is protonated at the
secondary -amino group of K*, [GK*(H)NHCH3]
and [(H)GK*(H)NHCH3], the C–N bond is
lengthened (1.52 Å and 1.54 Å, respectively), suggesting
a weaker bond that is more susceptible to cleavage
compared with the case where the secondary -amino
group is not protonated. This is consistent with proto-
nation at the secondary -amino group of K* being
essential to the CCE pathway. The precursor energies in
Table 1 also indicate that protonation at the secondary
tide 2-[(aminoacetyl)amino]-6-(benzylamino)-N-
ponding product structures resulting from the
lating the transition-state barriers for the CCE
ion energies of the two pathways.l pep
orres
calcuamino group, [GK*(H)NHCH3], is 11.5 kcal/mol
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primary amine, [(H)GK*NHCH3]. The reaction en-
ergies in Table 1 simply represent the difference in total
energies of products versus reactants for each reaction.
It is worthwhile noting that the CCE reaction is endo-
thermic for the singly-charged precursors (reactions 1
and 4 in Table 1, respectively) but becomes exothermic
when the precursor is doubly-charged (reaction 7). The
increased thermodynamic favorability coincides with
our experimental observations that the products of the
CCE pathway are observed more prominently, in fact in
most cases, exclusively, at the higher precursor charge
state (see Figure 2a and b, and Figures 1S–4S). It should
also be noted that for simplicity, the total energies listed
for [C7H7]
 in Table 1 correspond only to the benzylic
cation. Our exclusion of the tropylium cation in this
case is based upon a previous report that the dissocia-
tion of unsubstituted benzylpyridinium ions dissociate
by direct cleavage forming only the benzylic cation [27].
For comparison, Table 1 also includes reaction energies
(reactions 2, 3, 5, 6, 8, and 9) corresponding to possible
products formed by amide bond cleavage via the bn–ym
pathway (Scheme 2) from each precursor. In Scheme 2
and Table 1, b2 represents a protonated oxazolone and
b2
0 represents a neutral oxazolone structure. Like the
CCE pathway, the formation of amide cleavage prod-
ucts from the singly-charged precursor is endothermic
but becomes an exothermic reaction when the precursor
is doubly-charged (reaction 9) with exception to the
case that a b2
2 ion is formed (reaction 8). Generally, the
bn–ym pathway appears to be more thermodynamically
favorable than the CCE pathway but little can be drawn
from these calculations directly without considering the
transition-state activation barriers.
Activation barriers for amide bond cleavage reac-
tions have been estimated for several simple peptides
and will be referred to in comparison to the CCE
pathway activation barriers determined in this study
for the model peptide GK*–NHCH3. The previously
calculated bn–ym transition-state barriers for the pep-
tides listed in Table 2 generally range from 30 to 40
kcal/mol relative to the precursor minimum [28–30].
The barriers for the more basic lysine-containing dipep-
tides KG [28] and VK [29] are higher than non-basic
peptides like pentaalanine [30] since protons on the
-amino group of the lysyl side chains are less mobile
than protons on the amino group of the N-terminus.
Table 2 also lists the transition-state barriers associated
with cleavage of the C–N bond for the model GK*-
NHCH3 in the two singly-charged cases considered in
this study. Only singly-protonated peptides of GK*-
NHCH3 were examined for comparison against the
barriers calculated in the previous studies on singly-
protonated KG [28], VK [29], and pentaallanine [30]
peptides. When protonated at the secondary -amino
group of the derivatized lysyl residue [GK*(H) 
NHCH3], our theoretical estimation of the activation
barrier is 42.1 kcal/mol. For the singly-charged isomer
protonated at the N-terminal primary amino groupTa Sc
h
G
K
(H

(H

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at 79.5 kcal/mol. This supports the hypothesis that the
CCE pathway is favored when the derivatized precur-
sor is protonated at the secondary -amino group.
For the model protonated at the secondary -amino
group, [GK*(H)NHCH3], the estimated activation
barrier for dissociation via the CCE pathway (42.1
kcal/mol) is similar to those determined for amide
cleavage reactions originating from the singly-charged
lysine-containing dipeptides KG and VK (Table 2). This
suggests that for simple peptides like the model GK-
NHCH3, singly-charged precursors protonated at the
secondary -amino group can fragment competitively
either by the bn–ym or CCE pathways. However, an-
other point to consider is that a secondary amino group
typically has a higher gas-phase proton affinity [23]
than primary amino groups. This implies that a greater
distribution of ions could be protonated on the derivat-
ized side chain compared with peptides containing
unmodified lysyl residues and also suggests that more
energy may be required to mobilize a proton from the
secondary -amino group thus favoring the CCE path-
way over the bn–ym pathway. With these factors in
mind, it can be conjectured that at lower precursor
charge states, copies protonated at the secondary
-amino group of the derivatized lysyl residue could
conceivably fragment by either pathway but a higher
occurrence of the CCE pathway may be more likely.
The majority of the sequence ions formed (Figure 2a)
are likely to originate predominantly from precursors
protonated at the N-terminal primary amino group. At
higher charge states, the CCE pathway occurs almost
exclusively as indicated by the lack of sequence ion
peaks observed (Figure 2b) and reflects the greater
population of precursor ions likely protonated at the
secondary -amino group.
Conclusions
This report describes the investigation of the fragmen-
tation characteristics for tryptic peptides containing
internally benzyl-aminated lysyl residues using CID
Table 2. Transition state (TS) activation barriers determined in
reactions (a1–y1, b1-ion formation, and bn–ym pathways) and ben
dissociating via the CCE pathway
Precursor Pathway Produc
KG b1-Ion formation -Amino--cap
VK a1–y1 a1
VN a1–y1 a1
VQ a1–y1 a1
AAAAA b2–y3 b2
AAAAA b3–y2 b3
AAAAA b4–y1 b4
GK*(H)-NHCH3 CCE GK-NHCH3
(H)GK*-NHCH3 CCE GK-NHCH3
*Determined computationally in the present study.tandem mass spectrometry. Two fragmentation path-ways were observed; the bn–ym pathway yielding se-
quence ions and the CCE pathway leading to side-chain
cleavage of the derivatized lysyl residue forming a
benzylic or tropylium carbocation and a (n  1)-
charged peptide product (where n is the precursor ion
charge state). The favored pathway appears to be de-
pendent upon the charge status of the secondary
-amino group of the derivatized lysyl residue. Evi-
dence described herein suggests that protonation of the
secondary -amino group, forming an alkylammonium
ion, activates the CCE pathway. Otherwise, backbone
cleavage occurs via proton mobilization. As a result, the
CCE pathway becomes more predominant at higher
precursor ion charge states. In effect, the secondary
benzylamine moiety is acting to switch the fragmenta-
tion pathway from amide backbone fragmentation to
CCE.
Despite considerable research and progress in under-
standing the mechanism of proton mobilization, a
model that accurately predicts the distribution of prod-
uct ion abundances remains elusive. This represents a
barrier against the development of more advanced
bioinformatics tools. Chemical derivatization strategies
that induce predictable fragmentation events could
contribute to our understanding of CID mechanisms
and might also lead to alternative strategies for peptide
structure elucidation. Peptide modification schemes
that produce benzyl-aminated structures (or related
chemical moieties tuned to cause directed fragmenta-
tion) represent a versatile approach to inducing a mix-
ture of product ions that suit a specific application in
global or targeted proteomics. The results reported here
suggest that the relative yield of sequence ions versus
CCE product ions can be influenced by strategic incor-
poration of substituents on the benzyl ring, which affect
the proton affinity of the secondary -amino group.
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